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Abstract 
Methods for the reduction of micro-twin defects in InSb/AlInSb epilayers were investigated by using < >-directional TEM 
analysis. The use of a 2°off-axis GaAs (001) substrate which has been known as an effective way to reduce micro-twin densities 
was combined with another approach, the use of an As2 beam for oxide desorption from a GaAs substrate surface. The combined 
method yields a micro-twin density of 3.310
2 
/cm, which is 3.0 times smaller than for a similar previous method with an Sb2 
flux. This study also demonstrates the usefulness of < >-directional TEM analysis for investigating micro-twin defects in 
(001) thin films. 
 
PACS: 68.37.Lp ; 61.72.Ff ; 61.72.Mm ; 81.15.Hi ; 68.47.Gh ; 68.43.Mn ; 81.05.Ea 
Keywords: Transmission electron microscopy ; Structural defects ; Micro-twins ; Epitaxial growth ; Oxide desorption ; InSb ; AlInSb ; GaAs 
1. Introduction 
Indium antimonide (InSb) has the narrowest band-gap and the highest electron mobility among all the binary III-
V semiconductors. InSb-based devices such as infrared detectors [1], magnetic-field sensors [2,3], and light-emitting 
diodes [4] exploit these material properties. Recently, field-effect transistors based on InSb quantum wells (QWs) 
have attracted attention because their switching speed and power consumption outperform transistors made of other 
semiconductors [5]. InSb QWs are often grown on GaAs (001) substrates via an AlInSb buffer layer [2-5]. The 
reasons for the choice of GaAs are mechanical strength, semi-insulating resistivity, and reasonable price. All three 
materials (namely, InSb, AlInSb and GaAs) are III-V compound semiconductors with a zinc-blende structure, which 
is the main reason why there are no anti-phase boundaries found in such InSb QW epilayers [6]. However, there is a 
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major drawback to using GaAs substrates: GaAs has a large lattice mismatch of 14.6% with respect to InSb. InSb 
QWs grown on (001) GaAs tend to suffer from a high density of structural defects, e.g., threading dislocations (TDs) 
and micro-twins (MTs). Both of these structural defects reduce the electron mobility in InSb QWs [6-10].  
Recently, two methods effective in reducing TD and MT densities in InSb QWs grown on (001) GaAs were 
reported [8-11]. An interlayer structure embedded in AlInSb buffer layers can act as a filter for TDs that propagate 
in the growth direction [9-11]. The mechanical strain in an interlayer structure can bend out TDs along interlayer 
interfaces, which increases the probability of annihilation reactions among TDs. The maximum TD reduction 
reported for AlInSb buffer layers so far is 59% at an Al0.12In0.88Sb/Al0.24In0.76Sb interlayer interface [9]. The MT 
density can be lowered by the use of GaAs (001) substrates with an off-axis angle of 2° toward the [011] direction. 
InSb QWs grown on such GaAs (001) substrates have a MT density of 9.810
2
 /cm, which is 7.8 times lower than 










The < >-directional transmission electron microscopy (TEM) analysis has been recently developed to 
investigate MTs located in (001) thin films with an fcc-type structure [8]. This technique enables us to use plan-view 
TEM specimens to analyze MTs that are created in InSb QW structures grown on GaAs (001) substrates: not only 
individual MTs but also their two-dimensional distributions below the surface can be clearly visualized. Plan-view 
TEM specimens usually have a large observable area, which is advantageous to measuring a low MT density (<10
3
 
/cm) with a high accuracy. In addition, a height difference of (111) atomic steps that are located on MTs can yield a 
clear contrast difference in dark-field images taken by using the < >-directional TEM analysis [8]. Such dark-
field images can be used for a detailed study of the reaction between MTs and TDs, since a single-atomic layer can 
be locally formed on a MT surface when a TD is incorporated into a MT [12]. 
In this paper, first we report further details about the < >-directional TEM analysis. The procedure of 
specimen alignments to the < > direction, which was not fully described in the original paper [8], is discussed in 
more detail. In addition, the use of an As2 flux for desorption of a native oxide layer covering a 2°off-axis GaAs 
(001) substrate is examined. An InSb/AlInSb epilayer grown with this method yields a three-times smaller MT 
density, compared to such a method with an Sb2 flux. We discuss the advantages and disadvantages of the use of 
arsenic for an InSb QW growth.  
 
2. Experimental 
The InSb/AlInSb epilayer examined in this study was grown by molecular beam epitaxy on a GaAs (001) 
substrate oriented 2° off-axis toward [011]. After being loaded into a preparation chamber of an INTEVAC GEN-II 
molecular beam epitaxy system, the substrate was degassed at 300°C for 8 hours under a vacuum of ~110
-9
 Torr. 
No molecular beam fluxes impinged during the degassing process. The native oxide on the substrate was desorbed 
in the main chamber under an As2 flux of 5.810
-6
 Torr at a substrate temperature of ~580°C. After decreasing the 
substrate temperature to 440°C, the As2 flux was switched to an Sb2 flux, immediately followed by the growth of a 
1m-thick Al0.1In0.9Sb layer and a 10nm-thick InSb cap layer at the same substrate temperature. Prior to these layers, 
no GaAs nucleation layer was grown on the substrate. The InSb/AlInSb layer sequence is the same as the first two 
layers of typical InSb QW structures grown on (001) GaAs [5,8-11]. The growth rate for the layers was 0.8 ~ 0.9 
ML/s with a Group V to Group III deposition ratio of ~1.2 to 1. The thermocouple measurement of the substrate 
temperature was calibrated using the transition temperatures between surface reconstructions prior to the epilayer 
growth [13,14].  
A plan-view TEM specimen was made out of the InSb/AlInSb structure by using a conventional Ar
+
 ion milling 
technique. A VCR Dimpler Model D500i and a Gatan DuoMill Model 600DIF were used for dimpling and ion 
milling processes, respectively. The initial acceleration voltage and current of an Ar
+
 ion beam were 3 kV and 0.5 
mA, respectively, which were reduced to 1 kV and 0.1 mA at the final thinning stage that lasted for an hour. TEM 
analyses were performed with a JEOL JEM-2000FX operated at an acceleration voltage of 200 kV. A Gatan Double 
Tilt Analytical Holder Model 646 was used to tilt the TEM specimen. The maximum tilt angles of the holder about 
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the x- and y-axes are ±45° and ±30°, respectively. These angle limits are well beyond the specimen tilt that is 
necessary to perform the < >-directional TEM analysis: typically ~13° of specimen tilt is sufficient to examine 
(001) plan-view specimens. Both TEM images and selected-area electron diffraction (SAED) patterns were digitally 
recorded with a SIA side-mount CCD camera system, SIA-1C, which was operated at 2°C with a Peltier device. 
3. Results and discussion 
First, we discuss a specimen tilt alignment that is necessary to perform the < >-directional TEM analysis. As 
its name implies, the < >-directional TEM analysis is basically carried out for a (001) thin-film specimen which 
is tilted to the < > direction. In this manuscript, we use a conventional way to describe specimen tilts because of 
its clarity and simplicity, as can be seen in the previous sentence. A more precise description would be that “… a 
(001) thin-film specimen which is tilted so that its < > direction becomes parallel to the direction of the TEM 
incident electron beam”. The direction < > represents a group of equivalent directions , , , 
and . For the following discussion, we use  as a representative of the < > group. Although tilt-
alignment procedures for the four types of < >-directional TEM analyses are the same except the initial tilt 
direction, there are differences in types of {111}-MTs that can be analyzed: the - and -directional TEM 
analyses are sensitive to (111)- and -type MTs, while the - and -directional ones are sensitive to 
- and -type MTs. 
The specimen tilt procedure to the  direction becomes straightforward when such an alignment is started 
with a specimen that has been aligned to the [001] direction. Figure 1(a) depicts a [001]-directional SAED pattern 
captured from a plan-view TEM specimen of an InSb/AlInSb structure that was grown on a 2° off-axis GaAs (001) 
substrate. To obtain this pattern, tilt alignments of a few degrees were performed for the specimen. The substrate 
off-axis angle of 2° added no difficulty for the alignment. Regardless of such an off-axis orientation, (001)-type 
TEM specimens mounted on a specimen holder tend to have few degrees of initial tilt deviations. Such deviations 
cause no trouble for a tilt alignment to [001] in most of the cases: even before performing any specimen tilts, an 
SAED pattern that resembles the one shown in Fig. 1(a) can usually be observed, although there are some 
differences in intensities among equivalent diffraction spots that are located with a four-fold rotational symmetry 
about the 000 spot. By tilting the specimen so that the intensities of the equivalent diffraction spots become almost 
the same, a specimen alignment to [001] is completed. 
A specimen alignment from [001] toward  can be initiated by making the diffraction spots located in the 
upper and lower sides in Fig. 1(a) brighter and darker, respectively, with a slight specimen tilt. Then, the specimen 
needs to be tilted further, so that the intensities of the 220 and  spots (indicated by red arrows in the figure) can 
stay bright. During the tilt, both the upper- and lower-side spots shown in Fig. 1(a) eventually lose their intensity. 
 A specimen tilt of 13.3° is necessary to align a specimen from [001] to . Most conventional TEMs lack the 
capability to directly show such an angle increment from one tilt condition to the other, although they usually can 
display the current tilt values about x- and y-axes separately. However, SAED patterns can be used as an indicator 
for the completion of the specimen tilt: SAED patterns shown in Figs. 1(b) and 1(c) are representatives of the four 
possible SAED patterns that can appear when the sample is aligned to . The remaining two SAED patterns 
can be found in Ref. 8. These -directional SAED patterns can be easily distinguished from other SAED 
patterns that can emerge during the specimen tilt. For the  SAED pattern shown in Fig. 1(b), a rectangle that 
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can be virtually formed by connecting four diffraction spots located around the corners of the figure can be 
recognized as the “shortest” one in the vertical ( ) direction among all the SAED patterns. In the case of the 
 SAED pattern shown in Fig. 1(c), the diagonal arrays of diffraction spots are remarkable and no such arrays 
appear in any other SAED pattern during the specimen tilt. Figs. 1(b) and 1(c) can serve as quick references for a 
TEM operator to recognize those < >-directional SAED patterns when performing a < >-directional TEM 
analysis, by visually being compared to the [001]-directional SAED pattern seen in Fig. 1(a). For convenience, all 
the SAED patterns shown in Figs. 1(a)-(c) are depicted in the same scale and planar-rotational angle on the paper, as 
indicated by the same relative positions of the 220 and  diffraction spots in each SAED pattern shown in Figs. 
1(a)-(c). 
 The difference in the  SAED patterns is directly related to the existence and type of MTs. [8]. For instance, 
the  SAED pattern of Fig. 1(b) indicates that there are no MTs in the specimen area from which the SAED 
pattern derives. The additional diffraction spots seen in the  SAED pattern of Fig. 1(c) are evidence of -
type MTs [8]. On the other hand, no such identifications are possible with [001]-directional SAED patterns: SAED 
patterns derived from non- and {111}-MT areas are all superimposed completely on one another, showing just one 
type of [001]-directional SAED pattern, as shown in Fig. 1(a) [8]. 
Fig. 2 shows a dark-field TEM image of the InSb/AlInSb structure, taken with the  reflection seen in Fig. 
1(c). Since this reflection is derived from -MTs, such MTs are visible with bright contrasts in the image. 
Additional < >-directional TEM analyses show that MTs seen around the center of Fig. 2 are the only MTs in 
this area of the specimen. Such analyses for a larger area indicate that the structure has a MT density of 3.310
2 
/cm, 
which is 3.0 times smaller than the value obtained from the structure whose native oxide layer on a 2° off-axis GaAs 
(001) substrate was removed under an Sb2 flux. 
We discuss a couple of advantages of the MT density reduction by the use of an As2 flux. First, a lower MT 
density results in a smoother surface of InSb QW structures, since it reduces the ~10nm-high corrugation along the 
edge of MTs that emerge on the surface [15]. In the case of contact lithography, an elimination of such corrugations 
should lead to a better contact between a photomask and an epilayer surface, which can improve the resolution of 
circuit patterns in InSb QW devices. Secondly, an improvement in electron mobility can be expected by reducing 
MT densities, because MTs are one of the major scattering centers for conduction electrons in InSb QWs [8]. 
According to Matthiessen’s rule [16], the degree of the improvement also depends on the degree of carrier scattering 
due to other causes, such as phonons and TDs. However, we expect a non-trivial improvement in electron mobility 
in InSb QWs grown on GaAs (001) substrates, due to the use of an As2 flux for oxide desorption from the substrate 
surfaces. 
The use of arsenic, however, also has disadvantages. We point out that arsenic is not necessary for typical InSb 
QW structures, since they include no arsenic-based epilayers [5,8-11]. There are significant costs incurred to acquire 
and maintain an arsenic effusion cell. In addition, a considerable residual pressure after the use of arsenic may lower 
the quality of InSb QWs due to possible arsenic oxide incorporation [17]. A similar quality issue due to antimony 
oxide incorporation has not been reported for InSb QWs. 
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4. Summary 
In this paper, the < >-directional TEM analysis was discussed as a powerful method to investigate micro-twin 
defects in (001) thin films. The practical procedures to perform the < >-directional TEM analysis were 
presented in detail. The < >-directional TEM analysis was used to accurately measure a low density (3.310
2 
/cm) of micro-twin defects in an InSb/AlInSb epilayer grown on a 2° off-axis GaAs (001) substrate. The low density 
was achieved by using an arsenic molecular beam for oxide desorption from the substrate surface. This density is 
three times lower than the value (9.810
2
 /cm) obtained from similar structures whose oxide desorption was made 
with an antimony molecular beam flux. 
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